Over the last decade, scanning transmission electron microscopy has become one of the most powerful tools to characterise nanomaterials at the atomic scale. Often, the ultimate goal is to retrieve the three-dimensional structure, which is very challenging since small species are typically sensitive to electron irradiation. Nevertheless, measuring individual atomic positions is crucial to understand the relation between the structure and physicochemical properties of these (nano)materials. In this review, we highlight the latest approaches that are available to reveal the 3D atomic structure of small species. Finally, we will provide an outlook and will describe future challenges where the limits of electron microscopy will be pushed even further.
Introduction
In this age of nanotechnology, there is a constant demand to develop novel and innovative nanostructures with predefined properties. Reducing the size of materials to the nanometre level not only allows the design of more compact devices, but also can be used as a route towards the enhancement of the material properties or may even enable the design of novel functionalities [1, 2] . Essentially, nanomaterials can be considered as a three-dimensional (3D) agglomeration of atoms. Therefore, their properties are determined by the positions of the atoms, their chemical nature and the bonding between them. If one is able to determine these parameters in 3D, it becomes possible to provide the necessary input to predict the physicochemical properties. The rational design of nanomaterials with optimised functional properties therefore strongly depends on the availability of advanced quantitative 3D characterisation techniques. In this manner, materials science can evolve towards a system where new materials with specific properties can be designed before actual production [3] [4] [5] .
Aberration-corrected scanning transmission electron microscopy (STEM) is an excellent tool to characterise nanostructures as it provides two-dimensional (2D) projected images that are sensitive to the local 3D structure of the studied sample [6] [7] [8] [9] . When studying nanostructures, STEM has major advantages in comparison to X-ray diffraction (XRD) since it enables one to investigate deviations from perfect crystallinity [10, 11] . The schematics of STEM imaging are represented in Figure 1 . A focussed electron probe is created by the condenser lens system and is scanned according to a two-dimensional (2D) raster over the object. The total amount of electrons scattered towards an annular detector is integrated and displayed as a function of probe position. The resulting image contrast depends largely on the collection range of the detector [12, 13] . Often, high angle annular dark field (HAADF) STEM is used, where the inner collection angle of the detector β 1 is much larger than the probe convergence semi-angle α. In this setup, mainly Rutherford scattered electrons are recorded, which vary approximately as Z 2 [14, 15] . As a consequence, the image contrast in HAADF STEM imaging is incoherent and depends largely on the crystal thickness and the atomic number Z. Therefore, these images are suitable for a quantitative interpretation.
Over the years, the improved quality and stability of the electromagnetic lenses together with the development of aberration correctors have greatly improved the resolution of the STEM images. Nowadays, nanostructures can be visualised with a resolution of the order of 50 pm [8, [16] [17] [18] , which is approximately equal to the size of the electrostatic potential of most atoms. Often, atomically resolved HAADF STEM images are considered as a final result and the structure is interpreted visually from such images. Here, we will show that a quantitative analysis of the experimental data is vital for a correct representation of the results.
In practice, experimental images are subjected to image distortions or a low signal-to-noise ratio (SNR), which hampers any analysis. Therefore, advanced post-processing techniques that enhance the SNR of the images are of great importance [19] [20] [21] [22] [23] . However, structural information should also be extracted on a local scale. For this purpose, statistical parameter estimation theory has been proven to be an excellent tool as it can quantitatively measure structure parameters, such as, the 2D atomic column positions, number of atoms along the viewing direction, or composition, with the highest attainable precision [24] [25] [26] .
It is, however, still not straightforward to obtain the 3D atomic positions of nanostructures. Indeed, one may never forget that all images acquired by electron microscopy are only 2D images of a 3D object. Electron tomography has therefore been developed as a powerful tool to investigate the morphology, 3D structure and composition of a broad range of materials [27, 28] . Many results have been achieved at the nanometre level, but different open questions in materials science demanded the further development of the technique and have pushed the resolution to the atomic level.
Most high-resolution studies in 3D have been carried out for relatively stable materials. Unfortunately, for small species, it is far from straightforward to acquire a large number of TEM images. One of the main reasons is related to the sensitivity of such samples under electron irradiation, which may cause structural changes during imaging. To minimise the energy transfer from the incident electron beam to the sample, a lower acceleration voltage and acquisition time may be used if one retains sufficient image resolution, contrast, and pixel SNR. Hereby, advanced methods such as statistical parameter estimation are again required to retrieve 3D structural information that can be used to understand the structure-properties relationship.
In this review article, an overview of quantitative methods which are often applied to characterise small species in the field of STEM will be given. We will show that unknown structure parameters, including atomic positions, the number of atoms and chemical concentrations, can be determined with picometre range precision from experimental images. Furthermore, it will be demonstrated how the combination of state-of-the-art electron microscopy and advanced computational methods enables the investigation of the 3D atomic structure of nanoparticles and small clusters.
From qualitative to quantitative electron microscopy
Aberration-corrected HAADF STEM imaging provides atomically resolved incoherent images that can be used for a visual 2D structural and chemical characterisation. In addition, these images may serve as an input for quantitative interpretation methods. Over the last decade, advanced image processing techniques have become available that can enhance the SNR of the experimental images [19] [20] [21] [22] [23] or that can be used to determine atomic column positions and image intensities precisely [24] [25] [26] . For small species, these methods will be described below.
Improving the signal-to-noise ratio by template matching
Very often, nanostructures are sensitive to electron irradiation and the observation time by electron microscopy is usually limited to a few seconds, making their characterisation very challenging. In order to reduce the effect of the beam, and minimise any structural changes, it is of great importance to keep the electron dose to a strict minimum. Unfortunately, this results in a low SNR in the obtained images. To overcome this problem, a template matching procedure can be applied to the acquired data. This technique enables one to find specific regions in a given image that correspond to a pre-defined template [29] . By averaging these regions, the SNR will significantly increase in comparison to the raw data, enabling structural investigations. As an example, the characterisation of oligo-atomic Ag clusters confined in faujasite (FAU) zeolites will be discussed [30] .
Thermal treatment of Ag-exchanged zeolites yields highly luminescent Ag clusters, where the cluster configuration determines the emission colour [31] . Therefore, a non-activated and a heat-activated sample have been investigated. HAADF STEM images of both samples are shown in Figure 2 (a,b) and Figure 2 (e,f). Since these materials are extremely sensitive to electron irradiation [32] [33] [34] , a low incident electron dose was used. In order to improve the SNR, the template matching procedure was applied resulting in averaged images displayed in Figure 2 (c,d) and 2(g,h). Due to the Z-contrast in HAADF STEM images, it can be assumed that the bright spots in the averaged images correspond to the projected positions of the Ag atoms in the zeolitic framework (Si, Al and O). However, from these images it is clear that the intensities of the bright spots are not equal, which is explained by the presence of multiple Ag atoms along the same projected position. By combining these results to complementary XRD, 3D structural models of the Ag clusters could be proposed for the non-luminescent and luminescent states, which are displayed in Figure 2 (i,j). As can be seen in Figure 2 (j), interatomic distances slightly decrease and a migration of Ag atoms from site II to site II' takes place in the heat-activated form. Based on these Ag positions, it is concluded that a tetranuclear Ag 3 Á Á Á Ag ½ silver species is formed, which is most likely responsible for the light absorption and emission.
Statistical parameter estimation theory: measuring atomic positions with picometre precision
Although template matching could improve the SNR in an image, the resulting analysis still only provides averaged information. Therefore, alternative approaches are required to investigate nanostructures and small clusters on a more local scale. Ideally, atomic positions should be measured with picometre precision as materials properties do already alter when atoms are displaced in this range. For this purpose, statistical parameter estimation theory has been introduced [35, 36] . This theory relies on the availability of a parametric model to describe the expectations of the experimental image. The combination of this technique with HAADF STEM images has the potential to determine structure parameters, such as atomic column positions, with a precision that can far exceed the resolution of the microscope [37, 38] . Therefore, it enables one to identify structural changes, even when a visual interpretation is no longer possible [24] . For atomic resolution HAAFDF STEM images of crystalline structures, acquired along a major zone-axis, image intensities peak at the atomic column positions and can be modelled as a superposition of Gaussian functions [39, 40] . The unknown parameters are estimated by fitting this model to the experimental images using a criterion of goodness of fit quantifying the similarities between the experimental images and the model. Recently, a new user-friendly program, called StatSTEM, has been released, which contains an efficient implementation of this model-based quantification methodology, allowing one to accurately extract structure parameters from atomically resolved STEM images with the highest attainable precision [25] .
The potential and applicability of the approach is presented in the following example in which we investigated the effect of atomic dopants on the lattice parameters and the properties of CsPbBr 3 nanocrystals [41] . By exchanging Pb 2+ atoms with Sn
2+
, Cd 2+ or Zn 2+ cations in colloidal CsPbBr 3 nanocrystals, a blue-shift in the optical spectra has been observed. To understand this effect, HAADF STEM images, acquired using a probe aberration-corrected FEI Titan 3 operated at 300 kV, have been quantified using statistical parameter estimation theory (see Figure 3) . From the measured Pb/halide column positions, the lattice parameters of the undoped and doped crystals are calculated. By fitting a normal distribution to these distance estimates, the mean lattice parameter has been determined. The lattice parameter of the parent CsPbBr 3 nanocrystals has been calibrated to the value reported in literature for the cubic perovskite structure of CsPbBr 3 [42] . A lattice contraction from a j j ¼ shows a lattice contraction from a j j ¼ 5:849 AE 0:003 Å to a j j ¼ 5:819 AE 0:008 Å and a j j ¼ 5:808 AE 0:014 Å, respectively. The lattice contraction for the Cd-and Zn-dopants (0.5 and 0.7%, respectively) is larger than that for the Sn-dopants, which is in full agreement with electron diffraction measurements [38] . This difference is expected based on the ionic radii of the divalent cations, which is for Pb 2+ 119 pm, Sn 2+ 118 pm, Cd 2+ 95 pm, and Zn 2+ 74 pm [43] . Since no clusters with small or large lattice vectors are observed in Figure 3 , the results suggest that the dopants are homogeneously distributed throughout the nanocrystals. These observations demonstrate the importance to measure local structure parameters precisely. 
Atomic resolution electron tomography of nanoparticles
As described in the previous section, quantitative methods enable the investigation of nanostructures at the atomic scale. HAADF STEM images are, however, 2D projections of 3D objects. Electron tomography can be used to overcome this limitation. Here, images of the object are acquired at different tilt angles [28, 44] . Then, after carefully aligning the recorded images with respect to each other and along a common axis [45, 46] , a 3D reconstruction of the object can be obtained by using them as an input for a mathematical algorithm. In addition to the morphology, the crystal structure, including defects and (surface) strain, is equally essential, since it will directly affect the properties [47, 48] . Being able to perform electron tomography with atomic resolution is therefore crucial. Especially for small species, 3D studies are only of interest when performed at the atomic scale, given the size of the clusters. Although this is not yet a standard possibility for all structures, significant progress has recently been achieved using different approaches.
Three dimensional atomic resolution of model like structures
The first visualisations of the 3D atomic structure of a nanoparticle were based on a single 2D projection image. The projected intensities of atomically resolved HAADF STEM images acquired from an isolated Au nanocluster were quantitatively analysed. In this manner, Li et al. were able to extract a thickness profile and to propose a 3D model [49] . In 2011, our group performed a 3D reconstruction at the atomic scale for a 3 nm Ag nanoparticle embedded in an Al matrix [50] . The reconstruction was based on two HAADF STEM images acquired along different zone axes. Using statistical parameter estimation theory, the number of atoms in each atomic column was determined. A particularly useful performance measure for atom-counting is the so-called scattering cross-section, which is defined as the total intensity of scattered electrons by a single atomic column [24, 51] . This quantity can be measured either by integrating the image contributions of an atomic column [51] or by estimating the volume under a Gaussian peak describing the shape of the image of an atomic column [26, 50, 52, 53] . The scattering cross-section is robust to microscope parameters such as magnification, defocus, astigmatism and source size broadening [51, 54, 55] . Since it increases monotonically with thickness, it is extremely suitable to count the number of atoms in each atomic column [56] . A second advantage of the scattering cross-sections in HAADF STEM imaging is that they are also sensitive to the composition.
In Figure 4 , aberration-corrected HAADF STEM images of the Ag cluster are modelled as a superposition of Gaussian peaks using statistical parameter estimation theory. From the estimated parameters, scattering cross-sections have been calculated for each column, which are shown for the 10 1 ½ zone-axis orientation in the histogram in Figure 4 (d). It is expected that the thickness of the substrate is constant over the particle, leading to an increase in intensity when substituting an Al atom by an Ag atom. The presence of noise smears out the peaks, making a visual interpretation in terms of the number of atoms often impossible or highly subjective. Therefore, the scattering cross-sections in the histogram are regarded as independent statistical draws from a Gaussian mixture model. By evaluating the so-called integrated classification likelihood (ICL) criterion, shown in Figure 4 (e), ten significant peaks in the histogram are identified as a local minimum. Finally, the locations of the peaks in the selected Gaussian mixture model are used to assign the number of Ag atoms for each atomic column, leading to the results shown in Figure 4 (c). In a similar manner, counting results are obtained for the [100] direction, as shown in Figure 4 (f)-4(h). Afterwards, discrete tomography was used to combine the counting results into a 3D reconstruction with atomic resolution (see Figure 4 (i)) [51] . The discreteness that is exploited here is the fact that crystals can be thought of as discrete assemblies of atoms. An excellent match was found when comparing the 3D reconstruction with additional projection images that were acquired along different zone axes. The same method has been used to reconstruct the core of a free-standing PbSe-CdSe core-shell nanorod [57] . The computed 3D reconstruction of the Ag nanocluster. Adapted by permission from Macmillan Publishers Limited, Nature, Three-dimensional atomic imaging of crystalline nanoparticles, Van Aert et. al [50] ., copyright 2011.
After these initial studies, different methodologies were proposed to obtain 3D reconstructions using a limited number of projection images [58, 59] or using continuous tilt series [46, 60] . In this manner, the position of the atoms could be accurately determined in 3D and also 3D strain measurements became possible [61, 62] . Recently, also disordered structures could be unraveled and linked to the 3D properties of the nanomaterial [63] . Our group was even able to characterize a disordered structure including vacancies and to determine the effect on the optical properties [64] .
Three dimensional atomic resolution of heterogeneous nanostructures
The incorporation of more than one element in the same nano-object has been recently selected as a route towards the synthesis of nanostructures with enhanced properties such as stability, catalytic activity and electrical response [65, 66] . However, atom-counting applications on hetero-nanostructures are significantly more complex since HAADF STEM image intensities depend both on thickness and composition. Often a linear dependence on concentration is assumed in compositional studies, although small changes in the atom ordering in the column can modify the scattering cross-sections [24, 56, 67, 68] . Therefore, a quantitative method is required that is capable of recognising all possible 3D column configurations. For example, already more than 2 Â 10 6 column configurations exist for a 20-atom-thick binary alloy having all possible ratios between both elements. Image simulations can provide this information, but the amount of required simulations makes it an impossible task in terms of computing time. In order to overcome these limitations, the atomic lensing model has been developed that can predict the scattering crosssections in HAADF STEM images [68] . In this model, each atom is described as a lens focussing the incident electrons on the next atom. Lensing factors of the individual atoms can be calculated from image simulations of monotype atomic columns to predict the scattering cross-sections of mixed columns. This approach leads to an accurate prediction of scattering cross-sections which is not restricted to the number of atom types. In this manner, the atomic lensing model facilitates the extension of the atom-counting methodology from homogeneous to heterogeneous nanostructures.
The ability to unravel the 3D composition at the atomic scale is demonstrated in Figure 5 , where an experimental HAADF STEM image of an Au@Ag core-shell nanorod has been investigated. Counting results on the pure Ag shell region have been used to estimate the thickness of the nanorod, which limited the number of variables that needs to be predicted. Here, counting results are put on an absolute scale by combining both the simulation-and statistics-based atomcounting method. The atomic lensing model indicated that the dependency of the scattering cross-sections on the atom ordering is less pronounced in the thickness range of the nanorod. Therefore, the number of Au and Ag atoms could be determined by a direct comparison between measured scattering cross-sections and predicted values, shown in Figure. 5(a) and 5(b). By using a combination of counting results obtained from an additional viewing direction with prior knowledge concerning the shape of the nanorod, a 3D atomic model could be reconstructed, presented in Figure 5 (c).
Three dimensional characterisation of beam sensitive and dynamic structures with atomic resolution
In the previous examples, images acquired along different zone-axes are required to retrieve the 3D atomic structure. As mentioned before, small species are extremely sensitive to electron irradiation and damage often occurs, even after the acquisition of a single image. For these materials, an alternative approach to retrieve the 3D atomic structure is to use atomcounting results from a single viewing direction as an input in an energy minimisation algorithm using molecular dynamics [69] . In this approach, a starting 3D configuration is obtained by positioning the atoms on a perfect crystal grid symmetrically arranged around a central plane. Then, the potential energy of the 3D configuration is minimised in a Monte Carlo-based approach, where in each iteration step one atomic column is shifted over one unit cell. The new configuration is only kept if the total energy decreases, which is calculated by using a Lennard-Jones potential. The final 3D atomic structure is obtained when convergence is reached. To illustrate the power of this method, beam-sensitive PbSe nanocrystals will be discussed [70] .
By using oriented attachment of PbSe nanocubes, 2D superstructures can be formed with long-range nanoscale and atomic order [70] . This superimposed geometry can result in Dirac-type valence and conduction bands and high charge carrier mobility in semiconductors [71, 72] . An HAADF STEM image has been recorded to study the degree of coherency inside the superlattice, shown in Figure 6(a) . Next, atom-counting results obtained by the statistics- based method have been used as an input to retrieve the 3D atomic structure of these nanocrystals, visualised in Figure 6 (b). From this result, it was concluded that there is atomic coherence and that the interface is formed via a so-called necking process [70] . In a similar manner, it was found that the shape of these PbSe nanocrystals is controlled by the ligand density [73] .
Since this new approach uses only images acquires along a single viewing direction, it opens up the possibility to study the dynamics of small species. As an illustration, the surface facets of an Au nanodumbbell on an in situ heating holder have been characterised [74] . In Figure 7 , HAADF STEM images indicate that after heating up to 330°C the nanodumbbell underwent a morphological transition to a nanorod. In the 3D reconstructions, clear surface facets are observed for the entire tip of the nanodumbbell and nanorod. Furthermore, a growth of low index surface facets is seen when heating the nanodumbbell, which can alter the catalytic activity of the particle. As the reconstructions of this method are in excellent agreement with electron tomography [74] , it provides a powerful tool to study the physical behaviour of nanomaterials.
Small, smaller, smallest
Recent advances in the field of nanotechnology enable the development of smaller and more complex nanostructures, which in turn forces us to push the limits of electron microscopy even further. Ultra-small sub-nanometre nanoparticles or clusters are a typical example of such challenging nanomaterials. Although there is a clear need for a complete characterisation of such materials in 3D, as they can no longer be considered as periodic objects, this is far from straightforward. Rotations of the clusters, as well as structural changes that may occur during investigations by STEM are the main bottlenecks hampering a complete 3D characterisation [49] . Therefore, electron tomography methods that combine different projected images can no longer be applied. Furthermore, the aperiodicity frustrates investigations assuming atoms to be located on a crystal lattice. However, these dynamic changes provide a unique opportunity to investigate the transformations between energetically excited configurations of a cluster, as was noticed by our group when studying an ultra-small Ge cluster consisting of less than 25 atoms [75] . In their study, a series of 2D aberrationcorrected HAADF STEM images were collected and analysed using statistical parameter estimation theory. In this manner, the number of atoms was determined at each position, as illustrated in Figure 8 . As no prior knowledge of the structure was available, ab initio calculations were carried out to extend these 2D counting results to 3D structural models. In this procedure, several starting configurations were constructed from the 2D atomic positions and counting results. Only the configurations in which a planar base structure was assumed were still consistent after full relaxation with the experimental HAADF STEM images. As visualised in Figure 8 , all relaxed cluster configurations stay relatively close to their starting structures. Therefore, reliable 3D models can be obtained by combining counting results with ab initio calculations. Furthermore, by tracking the path of each individual atom the dynamics of the cluster can be investigated. [74] . with permission of The Royal Society of Chemistry.
Conclusions and outlook
Over the past years, major advances have been made in the field of scanning transmission electron microscopy to investigate the 3D atomic structure of small species. Here, the main challenge is to minimise the electron irradiation while maintaining sufficient resolution and image quality. For this purpose, different methods have been discussed that can retrieve 3D structural information from only a limited number of HAADF STEM images. Here, it has been demonstrated that statistical parameter estimation theory is a useful tool to measure unknown structure parameters with high precision, including atomic positions and types. These results act as an input for reconstruction algorithms that can retrieve the 3D atomic structure. In order to minimise structural changes, electron irradiation should be kept as low as possible. For these materials, methods have been presented that can retrieve 3D structural information by combining counting results from two different images. Furthermore, when combining counting results from only a single image with an energy minimisation algorithm or ab initio calculations, the 3D structure can be revealed. These last approaches even allow one to study the dynamics of particles by analysing time-series of images [69, 74, 75] .
The ultimate goal of aberration-corrected HAADF STEM imaging of small clusters is to measure their 3D atomic structure and composition with picometre precision. For this purpose, the principles of statistical experiment design enable one to optimise the microscope and detector settings and explore the Figure 8 . HAADF STEM images with counting results for three different configurations of an ultra-small Ge cluster (top row). Green, red, and blue dots correspond to one, two, and three atoms, respectively. The 3D model obtained by ab initio calculations are shown below. Adapted by permission from Macmillan Publishers Limited, Nature Communications, Atomic scale dynamics of ultrasmall germanium clusters, Bals et. al [75] ., copyright 2012.
fundamental limits given by the microscope itself [76] [77] [78] [79] [80] [81] . This is especially important as new detector geometries have been proposed which can, for example, collect scattered electrons in different annular regimes or on a pixel array grid [82] [83] [84] [85] [86] [87] [88] [89] [90] . The simultaneous acquisition of different detector regimes can reveal both light and heavy elements and is, therefore, a powerful method to study the 3D atomic structure of heterogeneous nanomaterials. These developments will certainly open up new possibilities to characterise and understand the structure-property relation of small species, but working with these detectors is computationally demanding by the large amount of data that needs to be processed. The future development of smart algorithms and graphical processing unit (GPU) computing strategies will therefore be crucial [91] [92] [93] .
